Exposure to ethanol during the last trimester of pregnancy alters the maturation and immunity of the fetal lung by Lazic, Tatjana et al.
Veterinary Pathology Publications and Papers Veterinary Pathology
11-2011
Exposure to ethanol during the last trimester of
pregnancy alters the maturation and immunity of
the fetal lung
Tatjana Lazic
Iowa State University
Fatoumata B. Sow
Iowa State University, fsow@yahoo.com
Albert G. Van Geelen
Iowa State Unviersity, avg@iastate.edu
David K. Meyerholz
University of Iowa
Jack M. Gallup
Iowa State University, eag@iastate.edu
See next page for additional authors
Follow this and additional works at: http://lib.dr.iastate.edu/vpath_pubs
Part of the Pathology Commons, and the Veterinary Pathology and Pathobiology Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
vpath_pubs/24. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Veterinary Pathology at Iowa State University Digital Repository. It has been accepted for
inclusion in Veterinary Pathology Publications and Papers by an authorized administrator of Iowa State University Digital Repository. For more
information, please contact digirep@iastate.edu.
Exposure to ethanol during the last trimester of pregnancy alters the
maturation and immunity of the fetal lung
Abstract
The effects of ethanol exposure on fetal lungs remain under investigation. Previously, we demonstrated that
lambs exposed to ethanol during gestation had impaired expression of pulmonary surfactant protein A, a
crucial component of lung immunity. In this study, we investigated the effects of in utero exposure to ethanol
on maturation and immunity of the fetal lung. Pregnant ewes were surgically implanted with an abomasal
cannula and administered 1 g ethanol/kg (n = 8) or water (n = 8) during the last trimester of pregnancy.
Lambs were delivered prematurely or naturally. Neonatal lungs were assessed for maturation markers
(hypoxia-inducible factor-1α [HIF-1α], HIF-2α, HIF-3α, vascular endothelial growth factor-A [VEGF-A],
VEGFR-1, VEGFR-2, glycogen, and lung protein levels) and immunity (cytokines and chemokines). Preterm
animals exposed to ethanol had significantly reduced VEGF-A mRNA (p = .066) and protein levels, HIF-1α
(p = .055), HIF-2α (p = .019), VEGFR-1 (p = .088), and VEGFR-2 (p = .067) mRNA levels but no changes
in HIF-3α mRNA. No significant changes occurred in full-term animals exposed to ethanol. Glycogen levels
were significantly higher in preterm animals exposed to ethanol (p = .006) but not in full-term animals.
Ethanol exposure was associated with significantly lower lung protein levels in preterm (p = .03) but not full-
term animals. Preterm animals exposed to ethanol had significantly reduced TNF-α (p = .05), IL-10 (p = .03),
chemokine (C-C motif) ligand 5 (CCL5) (p = .017), and monocyte chemotactic protein-1 (MCP-1) (p =
.0004) mRNA. In full-term animals exposed to ethanol, the immune alterations were either sustained (TNF-
α, p = .009; IL-10, P = .03) or returned to near baseline levels (CCL5 and MCP-1). The ethanol-mediated
alterations in fetal lung maturation and immunity may explain the increased incidence of respiratory
infections in neonates exposed to ethanol in utero.
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Abstract
The effects of ethanol exposure on fetal lungs remain under investigation. Previously, we
demonstrated that lambs exposed to ethanol during gestation had impaired expression of
pulmonary surfactant protein A, a crucial component of lung immunity. In this study, we
investigated the effects of in utero exposure to ethanol on maturation and immunity of the fetal
lung. Pregnant ewes were surgically implanted with an abomasal cannula and administered 1 g
ethanol/kg (n = 8) or water (n = 8) during the last trimester of pregnancy. Lambs were delivered
prematurely or naturally. Neonatal lungs were assessed for maturation markers (hypoxia-inducible
factor-1α [HIF-1α], HIF-2α, HIF-3α, vascular endothelial growth factor-A [VEGF-A], VEGFR-1,
VEGFR-2, glycogen, and lung protein levels) and immunity (cytokines and chemokines). Preterm
animals exposed to ethanol had significantly reduced VEGF-A mRNA (p = .066) and protein
levels, HIF-1α (p = .055), HIF-2α (p = .019), VEGFR-1 (p = .088), and VEGFR-2 (p = .067)
mRNA levels but no changes in HIF-3α mRNA. No significant changes occurred in full-term
animals exposed to ethanol. Glycogen levels were significantly higher in preterm animals exposed
to ethanol (p = .006) but not in full-term animals. Ethanol exposure was associated with
significantly lower lung protein levels in preterm (p = .03) but not full-term animals. Preterm
animals exposed to ethanol had significantly reduced TNF-α (p = .05), IL-10 (p = .03), chemokine
(C-C motif) ligand 5 (CCL5) (p = .017), and monocyte chemotactic protein-1 (MCP-1) (p = .0004)
mRNA. In full-term animals exposed to ethanol, the immune alterations were either sustained
(TNF-α, p = .009; IL-10, P = .03) or returned to near baseline levels (CCL5 and MCP-1). The
ethanol-mediated alterations in fetal lung maturation and immunity may explain the increased
incidence of respiratory infections in neonates exposed to ethanol in utero.
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Introduction
Alcohol (ethanol) consumption during pregnancy has been associated with adverse health
effects in the developing fetus, including premature birth, low birth weight, multiple birth
© 2011 Elsevier Inc. All rights reserved.
*Corresponding author. Department of Veterinary Pathology, 2740 College of Veterinary Medicine, Iowa State University, Ames, IA
50011-1250, USA. Tel.: 515-294-6688; fax: +515-294-5423. tlazic@iastate.edu (T. Lazic)..
1Both authors contributed equally to this work.
NIH Public Access
Author Manuscript
Alcohol. Author manuscript; available in PMC 2011 November 1.
Published in final edited form as:
Alcohol. 2011 November ; 45(7): 673–680. doi:10.1016/j.alcohol.2010.11.001.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
defects, and neurodevelopmental disorders, together named fetal alcohol spectrum disorder
(Parazzini et al., 2003; Peadon et al., 2007). Along with these well-documented health
consequences, there have been a few reports suggesting that fetal alcohol exposure has
detrimental effects on the developing fetal lung, such as suppressed pulmonary innate
immunity (Sozo et al., 2009) and an increased incidence of neonatal upper respiratory
infections (Church and Gerkin, 1988). Studies that support these findings include impaired
interstitial and alveolar macrophage differentiation and phagocytic function in neonatal mice
(Gauthier et al., 2010), impaired terminal differentiation of interstitial and alveolar
macrophages in neonatal guinea pigs (Brown et al., 2009).
Previously, we developed an ovine model of alcohol exposure in utero by administering
moderate levels of alcohol to pregnant ewes during the last trimester of pregnancy (Lazic et
al., 2007). In that study, the maternal blood alcohol levels achieved in pregnant sheep were
similar to those of individuals who consume alcohol in moderation (Brien et al., 1987; Lazic
et al., 2007). Exposure to alcohol had a negative impact on the fetal lung, as indicated by the
reduction in the expression of pulmonary surfactant protein A (SP-A) mRNA in preterm
born lambs, the decreased protein expression of SP-A in full-term lambs, and the reduced
ciliary beat frequency in full-term lambs. Recently, another group has used a similar ovine
model to demonstrate additional alterations in fetal lung because of alcohol exposure in
utero (Sozo et al., 2009). In this study, Sozo et al. demonstrated that daily exposure to
alcohol during the last trimester of pregnancy significantly reduced mRNA expression of
SP-A, SP-C, and proinflammatory cytokines IL-1β and IL-8 in the lung of full-term lambs.
Although alcohol has deleterious effects on the fetal lung, the exact mechanisms by which
alcohol alters pulmonary SP-A and other immune parameters are yet to be determined.
One mechanism by which alcohol can impede lung development and immunity is through
alterations in the expression of growth factors, which are vital for lung development
(Fatayerji et al., 1996). Fetal lung development is a complex process, which is tightly
regulated, in part, by hormones and growth factors (Harding and Hooper, 1996) such as
vascular endothelial growth factor (VEGF) (Bhatt et al., 2001). VEGF-A is crucial for pre-
and postnatal lung development as it stimulates angiogenesis and vascular permeability
(Ferrara, 2001; Ferrara et al., 2003). VEGFR blockade results in inhibition of angiogenesis
and alveolar formation in the developing rat lung (Jakkula et al., 2000), and VEGF gene
deletion results in less complex alveolar patterning (Gerber et al., 1999). Furthermore,
VEGF is essential in pulmonary epithelial cell maturation and pulmonary SP production, as
inhibition of VEGF in fetal mice results in respiratory distress syndrome (RDS) because of
decreased pulmonary SP production (Compernolle et al., 2002).
The VEGF gene transcription is upregulated by three transcription factors; hypoxia-
inducible factor-1α, 2α, and 3α (HIF-1α, HIF-2α, HIF-3α, respectively) (Ferrara et al., 2003;
Rajatapiti et al., 2008). VEGF binds two related tyrosine kinase receptors; VEGFR-1 (also
known as fmstyrosine kinase-1 receptor [Flt-1] in rodents) and VEGFR-2 (also known as
kinase insert-domain-containing receptor in humans or fetal liver kinase-1 receptor in
rodents). VEGFR-2 has been considered as a main VEGF signaling receptor (Voelkel et al.,
2006).
There are very few studies that focus on the direct effect of alcohol on VEGF. However, it
has been reported that chronic alcohol exposure downregulates nitric oxide system and
VEGF expression by blood vessel endothelial cells resulting in systemic hypertension in rats
(Husain et al., 2007). In addition, acute alcohol intoxication has been associated with
increased morbidity and mortality in traumatic injuries (Bird et al., 2009). Although the
precise mechanism by which alcohol influences the posttraumatic outcomes is not known,
there are some speculations that alcohol alters the VEGF signaling and slows down
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angiogenesis, and, therefore, wound healing (Radek et al., 2005). To the best of our
knowledge, this is the first study analyzing the effect of alcohol on VEGF in the developing
fetal lung.
Although a few studies have looked at the effects of alcohol on lung growth, maturation, and
immunity (Lazic et al., 2007; Sozo et al., 2009), more studies are needed to address the
consequences of maternal alcohol use on both pre- and postnatal lung function, maturation,
and immune status.
As VEGF and the factors HIF-1α, HIF-2α, HIF-3α are known to have key roles in lung
function and maturation, and as there is evidence of the deleterious effects of alcohol on
lung function, development, and immunity, we tested four hypotheses: (1) maternal alcohol
ingestion during the third trimester of pregnancy will significantly alter lung maturation
through reduced expression of HIF-1α, HIF-2α, HIF-3α and their downstream target genes
VEGF, VEGFR-1, and VEGFR-2; (2) maternal alcohol ingestion during the third trimester
of pregnancy will significantly alter lung maturation by affecting lung glycogen and level of
protein; (3) alcohol-related lung development alterations will be more severe in preterm
animals than full-term animals; and (4) compared with control animals, those exposed to
alcohol in utero will display dysregulated expression of genes involved in host defense and
the inflammatory response.
Methods
Experimental procedure
Animal use and experimental procedures were approved by Iowa State University’s Animal
Care and Use Committee according to the requirements of the NIH guide for the Care and
Use of Laboratory Animals. Sixteen mixed (1/2 Rambouillet, 1/4 Dorset, and 1/4
Finnsheep), date-mated, pregnant ewes were assigned in four groups: alcohol-exposed
preterm and full-term groups and control preterm and full-term groups. Alcohol was
administered through surgically implanted abomasal cannula. This procedure was previously
described in detail (Lazic et al., 2007). Briefly, ewes assigned to alcohol group received
40% ethanol at 1 g/kg, vol/vol (Sigma, St. Louis, MO). Control ewes received the equivalent
amount of water. The ewes received alcohol or water 5 days a week for 5 weeks. Serum
alcohol (ethanol) concentrations were determined at 6, 12, and 24 h after a single infusion by
headspace gas chromatography analysis (University of Iowa Diagnostic Laboratories, Iowa
City, IA). The lambs in the preterm group were delivered via Cesarean section at 138 days
of gestation (term is ~147 days). The lambs in the full-term group were allowed to deliver
naturally (~147 days); there were a total of 24 lambs, and we assigned six lambs to each
group (n = 6). After lambing or uterotomy, all lambs were euthanized by intravenous
administration of sodium pentobarbital. The lung samples from the lateral portions of the
right cranial lobes were collected in cryovials, snap frozen in liquid nitrogen, and stored at
−80°C until RNA extraction for quantitative polymerase chain reaction (qPCR) analysis or
protein extraction for Western blot analysis. The remaining tissue from the same lung lobes
was fixed in 10% buffered formalin, processed, and embedded in paraffin.
Gene expression analysis
The fluorogenic real-time qPCR was used to measure alcohol-mediated changes in gene
expression of pulmonary maturation markers HIF-1α, HIF-2α, HIF-3α, VEGF-A, VEGFR-1,
and VEGFR-2 and gene expression of major groups of immune genes in the lung, including
the proinflammatory cytokine TNF-α, anti-inflammatory cytokine IL-10, chemokine (C-C
motif) ligand 5 (CCL5), and monocyte chemotactic protein-1 (MCP-1). This procedure has
been previously described in detail (Lazic et al., 2007). Briefly, total RNA was isolated from
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lung tissues sampled from lateral portions of the right cranial lobe, followed by DNase
treatment (TURBO DNA-free kit; Ambion, Austin, TX). A test plate for all targets was run
to determine optimal sample and standard dilutions for each target. The DNase-treated RNA
isolates were diluted 1:10 with nuclease-free water, then diluted to their ideal ranges
(according to what was learned from the test plate analysis) and placed in duplicate into 96-
well qPCR plates (Applied Biosystems, Forest City, CA). Each sample contained 7.8 μL of
DNase-treated, appropriately diluted RNA isolate, 15 μL of a commercially available
Applied Biosystems One-Step Master Mix, 775 nM primers, 150 nM TaqMan (5′-6-
carboxyfluorescein, 3′-carboxytetramethylrhodamine quenched) probe, and nuclease-free
water. The negative no-template control wells contained nuclease-free water (Ambion)
instead of RNA isolate. About 27 μL of each reaction was used per well in the 96-well
reaction plates. The plates were run in the GeneAmp 5700 Sequence Detection System
(Applied Biosystems, Foster City, CA). The results were analyzed by using the GeneAmp
5700 software in conjunction with our own custom Excel files.
Western blot analysis
The Western blot analysis was used to measure pan-VEGF protein levels. The terms “pan-
VEGF” and “VEGF-A” are interchangeably used because antibodies that can bind and
detect multiple VEGF-A isoforms are named as “pan-VEGF” antibodies (Bevan et al.,
2008). The sections of the lateral portion of the right cranial lung lobes (0.1 g) were
homogenized in 2 mL T-PER® Tissue Protein Extraction Reagent (Pierce Biotechnology,
Rockford, IL) and Complete TM Protease Inhibitor Cocktail (Santa Cruz Biotechnology,
Santa Cruz, CA). The tissue homogenates were centrifuged at 13,000× rpm for 5 min at 4°C,
protein extracts were boiled for 5 min with sodium dodecyl sulfate sample buffer, loaded
onto polyacrylamide gel (8–16%, Precise™ Protein gels, Thermo scientific, Rockford, IL),
and then transferred to polyvinylidene fluoride transfer membrane (Millipore, Bedford,
MA). The membranes were then blocked with 5% nonfat dry milk and incubated overnight
at 4°C with the mouse monoclonal antirecombinant VEGF 189 protein antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA). The next day, the membranes were incubated for 90
min at room temperature with secondary Alexa Fluor 488 goat anti-mouse normal IgG
antibodies (Invitrogen, Carlsbad, CA). To demonstrate the equal loading of the protein
samples, the proteins were stripped and membranes were probed with monoclonal mouse
anti-β-actin antibodies (Sigma, St. Louis, MO) and secondary antibody goat anti-mouse
Alexa Fluor 488. The fluorescence was detected by using Typhoon imaging system (GE
Healthcare, Baie-d’Urfe, Quebec, Canada) using excitation wavelength 488 and 520 nm BP
40 emission filter.
Staining and microscopic scoring of cytoplasmic glycogen
To determine the glycogen content in type II pneumocytes, the slides were subjected to the
periodic acid–Schiff stain procedure as follows: on collection, the lung tissue was fixed in
10% buffered formalin for 24 h, and 3-μm-thick tissue sections were cut and placed on glass
slides. The slides were then deparaffinized, rehydrated, and placed in 1% periodic acid for
10 min (Sigma, St. Louis, MO) followed by a thorough wash. After the wash, slides were
placed in Sigma Schiff’s reagent (Rowley Biochemical Institute, Denver, MA) for 15 min
followed by another wash after which they were counterstained with MCB reagent
(Manufacturing Chemists, Inc., Gibbstown, NJ), rinsed in distilled water, dehydrated, and
coverslipped using Permount (Fisher, Hanover, IL). Ten alveoli were scored from each of
the three tissue sections sampled from the left cranial, right cranial, and right caudal lung
lobes of each lamb. Alveoli were similar in size, which ranged between 100 and 200 mm in
diameter. Scoring was based on predetermined scale: 0, no detectable stain; 1, earliest
detectable stain; 2, cytoplasmic glycogen granules present in less than 30% of alveolar
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epithelial cells; and 3, cytoplasmic glycogen granules present in more than 60% of alveolar
epithelial cells.
Total lung protein concentration analysis
The total protein concentration in the lungs of experimental lambs was determined by
Coomassie Plus (Bradford) Assay Kit (Pierce Biotechnology, Rockford, IL). The bovine
serum albumin (BSA) standards provided by the kit were serially diluted in water. The BSA
standards, a water blank, and the diluted lung protein samples (1:100) were mixed with
equal amounts (150 μg) of Coomassie Plus reagent and loaded into microplate wells. The
microplate was placed for 30 s on microplate shaker and incubated for 10 min at room
temperature. The absorbance was measured at 595 nm on a plate reader. The standard curve
was determined by plotting the average blank-corrected 595-nm measurements for each
BSA standard. The total lung protein concentration was estimated by using the standard
curve and correcting for the initial dilution gradient.
Statistical analysis
The summary statistics (mean and standard error of the mean) was calculated for each
experimental group. Student’s t-test was performed using GraphPad Sigma software (San
Diego, CA). One-way ANOVA was performed using SAS version 9.1 (SAS Institute, Cary,
NC). Mean values of relative mRNA expression levels of genes from preterm and full-term
animals exposed to ethanol were compared with control animals of the same age group at *P
≤.1, **P ≤.01, and ***P ≤.001 and expressed as means ± standard error of the mean
(S.E.M.). Considering we used a large animal model in this study and consequently dealt
with small sample size, the difference in which P value was ≤.1 was accepted as significant.
Results
Serum alcohol concentration
These results have been previously published (Lazic et al., 2007).
Pulmonary HIF, VEGF-A, and VEGFR gene expression
Compared with control animals, the preterm animals exposed to ethanol had significantly
decreased expression of HIF-1α (P = .055), HIF-2α (P = .0187) (Fig. 1), VEGF-A (P = .066)
(Fig. 2), VEGFR-1 (P = .088), and VEGFR-2 mRNA (P = .067) (Fig. 3); no significant
changes were seen with HIF-3α. In full-term animals exposed to ethanol, no significant
changes in the expression of HIF-1α, HIF-2α, VEGF-A, VEGFR-1, and VEGFR-2 mRNA
were seen when compared with animals of the same age group.
Pulmonary cytokines and chemokines gene expression
Preterm animals exposed to ethanol had significantly reduced levels of TNF-α mRNA (P = .
05), IL-10 mRNA (P = .03), CCL5 mRNA (P = .017), and MCP-1 mRNA (P = .0004) when
compared with control animals of the same age group (Fig. 4). In full-term animals exposed
to ethanol, a significant decrease in the expression of TNF-α mRNA (P = .009) and IL-10
mRNA (P = .03) was observed. However, no significant changes in the expression of CCL5
mRNA (P = .12) and MCP-1 mRNA (P = .33) occurred when compared with control full-
term animals.
Pulmonary VEGF-A protein levels
The Western blot analysis demonstrated significantly decreased levels of VEGF-A protein in
the lungs of preterm animals exposed to ethanol when compared with control animals of the
same age group (Fig. 5).
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Pulmonary glycogen content
We found that preterm animals exposed to alcohol expressed more glycogen retention in the
lungs (score = 1.408 ± 0.12, mean ± S.E.M., Fig. 6) when compared with the preterm
control animals (score = 0.96 ± 0.04, P = .006). Although the glycogen content in the lungs
of full-term alcohol-exposed animals was slightly increased (score = 0.73 ± 0.04) when
compared with the full-term control animals (score = 0.64 ± 0.05), this difference was not
statistically significant (P = .21) (Fig. 6).
Pulmonary protein level
We found that in utero exposure to ethanol led to a statistically significant reduction of
protein content in pre-term animals when compared to the age-matched control group (P = .
03) (Fig. 7). This difference was not statistically significant in full-term animals.
Discussion
The present study demonstrated alcohol (ethanol)-mediated alterations in lung maturation,
which include decrease in the expression of VEGF-A, gene expression of its receptors
(VEGFR-1 and VEGFR-2), and gene expression of its regulatory components (HIF-1α and
HIF-2α). This may explain our previously reported decrease in SP-A mRNA expression in
preterm lambs exposed to alcohol in utero (Lazic et al., 2007). VEGF mediates conversion
of glycogen in type II pneumocytes (ATII) into SPs (Compernolle et al., 2002), and our
finding of increased glycogen content in the lung of preterm lambs exposed to alcohol is
consistent with the suppressing effect of alcohol on VEGF and consequently SP-A
expression. The most recent study done by Sozo et al. demonstrated similar effect of alcohol
on the fetal lung. In that study, preterm lambs that were chronically exposed to alcohol had
SP-A and SP-B mRNA levels decreased to one-third of control levels (Sozo et al., 2009).
Alcohol administration during the entire length of pregnancy would more closely resemble
the drinking habit in pregnant women. However, our goal was to investigate the influence of
alcohol primarily on the lung maturation that occurs during the last trimester of pregnancy
and avoid teratogenic effect on the central nervous system (Joshi and Kotecha, 2007; Peadon
et al., 2007). In addition, alcohol did not alter the gene expression of VEGF-A, its receptors,
and regulatory transcription factors in full-term lambs when compared with the age-matched
controls. We suspect that additional gestational time allowed lung epithelial cells, including
the ATII cells to further mature and reach its maturation level necessary for VEGF-A
secretion.
The exact mechanism by which alcohol impairs lung maturation in neonates is not clear.
Although there are no published data describing in utero effect of alcohol on pulmonary
VEGF, recent studies have pointed to the impairing properties of alcohol on the HIF–
VEGF–VEGFR pathway. The well-documented role of VEGF during fetal lung
development involves blood vessel branching and growth (Zachary, 1998). However, there
are studies suggesting that in addition to blood vessel growth, VEGF coordinates the
development of pulmonary epithelial cells; particularly ATII that are the major source of
VEGF in the lung (Acarregui et al., 1999). Incubation of fetal human lung explants with
VEGF resulted in increased ATII cell differentiation, SP-A and SP-C mRNA levels, and SP-
A protein level in ATII cells (Brown et al., 2001). Furthermore, inhibition of VEGF resulted
in impaired lung maturation and fetal RDS in mice (Compernolle et al., 2002). The same
study suggested that VEGF stimulates conversion of glycogen stores in ATII cells into SPs.
These results are in accordance with our finding that the lungs of preterm lambs contained
more abundant glycogen stores within type II alveolar cells, indicating suppressed
conversion of glycogen to SPs because of reduced maturation/differentiation. In our studies,
we suspect that fetal alcohol exposure may have a direct downregulating effect on the
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expression (transcription or protein stabilization) of HIF-1α and HIF-2α, which
consequently leads to the downregulation of VEGF and VEGFR expression. Another
possible mechanism involves increased oxidative stress by alcohol in the fetal lung, which
accelerates apoptosis, especially in the ATII cells (Brown et al., 2001). Additional studies
are required to further elucidate the underlying mechanistic basis for these findings.
To support the finding of decreased lung maturation process in the preterm lambs exposed to
alcohol, we have determined the total lung protein content. Exposure to alcohol during in
utero development is a known risk factor for fetal growth retardation (Peadon et al., 2007).
We found that total lung protein content was reduced in preterm lambs exposed to alcohol in
utero, which is consistent with other studies performed in fetal rats (Inselman et al., 1985).
Although the exact mechanism of fetal organ growth retardation by alcohol is still not
completely elucidated, several mechanisms might be involved, including impaired transport
of nutrients or oxygen because of placental vasocon-striction (Fisher et al., 1983),
suppression of insulin-like growth factor-1 (IGF-1) (Breese et al., 1993), or direct toxicity of
alcohol and its metabolites on organs, such as lung (Bernstein, 1982). IGF-1 appears to be of
particular importance in the lung development considering that IGF-1 receptor knockout
mice have 45% decrease in lung weight at birth and soon after die because of respiratory
failure (Warburton et al., 2000). We speculate that suppression of HIF–VEGF–VEGFR
pathway may also contribute to pulmonary growth retardation, but the exact mechanism
remains to be determined.
Our last objective of this study was to determine whether in utero exposure to alcohol may
have an immunomodulatory effect in the fetal lung through the alteration of inflammatory
cytokines. There is a report of increased incidence of neonatal upper respiratory infections
related to alcohol consumption during pregnancy (Church and Gerkin, 1988). Sozo et al.
(2009) had demonstrated that ethanol-exposed prematurely delivered neonatal lambs had
decreased pulmonary expression of IL-1β and IL-8. However, we extended our studies by
analyzing the effects of ethanol on lung immunity in lambs that have reached full-term
gestation and by comparing the gene expression of specific cytokines and chemokines with
that of preterm animals. In preterm animals exposed to ethanol, some genes displayed
significant alterations in expression that either persisted to full-term gestation (as seen with
TNF-α and IL-10) or were restored to levels similar to those of control animals at full-term
gestation (as seen with CCL5 and MCP-1). Our findings that ethanol also decreased the
expression of the C-C chemokines CCL5 and MCP-1 are supported by other studies that
showed in vitro suppressive effects of ethanol on chemokine production (Szabo et al., 1999).
However, the data on inflammatory cytokines presented in this manuscript are on mRNA
level. Additional studies are needed to determine whether the altered gene expression
consequentially altered the protein expression and test the biological relevance of this
change, such as respiratory infectious agent challenge and/or pulmonary leukocyte count.
Conclusions
In conclusion, we have demonstrated that in utero exposure to alcohol alters the expression
of VEGF in the lung of the prematurely born lambs, one of the crucial growth factors
involved in alveolar epithelial cell maturation. This finding was supported by increased
glycogen content in the alveolar type II cells of the immature lungs and decreased total
protein content. These findings may explain a novel mechanism by which alcohol impairs
fetal lung maturation and may explain the previously reported decrease in SP-A expression
by prematurely born lambs. Our study also suggests that maternal alcohol consumption may
have significant immunological effects on fetal lambs. To the best of our knowledge, this is
the first study to report such findings. Considering the importance of VEGF in fetal lung
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maturation, these results may open a new venue for therapeutics targeting VEGF pathways
in pediatric patients suffering from deleterious effects of in utero alcohol exposure.
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Fig. 1.
Relative mRNA expression of hypoxia-inducible factor-1α, 2α, and 3α (HIF-1α, HIF-2α,
and HIF-3α, respectively) in the neonatal ovine lung. Exposure to ethanol in utero reduces
mRNA expression of HIF-1α and HIF-2α in the lungs of preterm (PT) lambs when
compared with the control lambs of the same age group. Such changes are not observed in
the lungs of full-term (FT) lambs exposed to ethanol in utero. No significant changes are
seen with HIF-3α mRNA expression levels in both PT and FT lambs (*P < .1, significance
was established at 90% confidence interval).
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Fig. 2.
Relative mRNA expression of vascular endothelial growth factor-A (VEGF-A) in the
neonatal ovine lung. Exposure to ethanol in utero reduces mRNA expression of VEGF-A in
the lungs of preterm (PT) lambs when compared with the control lambs of the same age
group. Such changes are not observed in the lungs of full-term (FT) lambs exposed to
ethanol in utero (*P < .1, significance was established at 90% confidence interval).
Lazic et al. Page 11
Alcohol. Author manuscript; available in PMC 2011 November 1.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Fig. 3.
Relative mRNA expression of vascular endothelial growth factor receptors 1 and 2
(VEGFR-1 and VEGFR-2, respectively) in the neonatal ovine lung. Exposure to ethanol in
utero reduces mRNA expression of VEGFR-1 and VEGFR-2 in the lungs of preterm (PT)
lambs when compared with the control lambs of the same age group. Such changes are not
observed in the lungs of full-term (FT) lambs exposed to ethanol in utero (*P < .1,
significance was established at 90% confidence interval).
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Fig. 4.
Relative mRNA expression of chemokines and cytokines in the neonatal ovine lung.
Exposure to ethanol in utero reduces mRNA expression of (A) TNF-α, (B) interleukin
(IL)-10, (C) chemokine (C-C motif) ligand 5 (CCL5), (D) and monocyte chemotactic
protein-1 (MCP-1) in the lungs of preterm (PT) lambs when compared with the control
lambs of the same age group. In the lungs of full-term (FT) lambs, ethanol exposure in utero
reduces mRNA expression of (A) TNF-α and (B) IL-10 (*P < .1, significance was
established at 90% confidence interval).
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Fig. 5.
Vascular endothelial growth factor-A (VEGF-A) protein levels in the lung of preterm lambs.
Exposure to ethanol in utero reduces VEGF-A protein level in the lungs of preterm lambs
when compared with the control lambs of the same age group. β-act β-actin.
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Fig. 6.
Periodic acid–Schiff (PAS) stain for glycogen granules in the type II pneumocytes (ATII).
Glycogen granules in the ATII are more abundant in the preterm lambs exposed to ethanol
in utero (B) when compared with the control lambs of the same age group (A). Glycogen
content in the ATII is similar in the full-term lambs exposed to ethanol in utero (D) and the
control lambs of the same age group (C).
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Fig. 7.
Coomassie Plus (Bradford) Assay for total lung protein determination. Exposure to ethanol
in utero reduces total lung protein concentration in preterm (PT) lambs when compared with
the control lambs of the same age group. Such changes are not observed in the lungs of full-
term (FT) lambs exposed to ethanol in utero (*P < .1, significance was established at 90%
confidence interval).
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